Krasnow SM, Nguyen MT, Marks DL. Increased maternal fat consumption during pregnancy alters body composition in neonatal mice. Am J Physiol Endocrinol Metab 301: E1243-E1253, 2011. First published September 6, 2011 doi:10.1152/ajpendo.00261.2011Maternal overnutrition prior to and during gestation causes pronounced metabolic dysfunction in the adult offspring. However, less is known about metabolic adaptations in the offspring that occur independently of postnatal growth and nutrition. Therefore, we evaluated the impact of excess maternal dietary lipid intake on the in utero programming of body composition, hepatic function, and hypothalamic development in newborn (P0) offspring. Female mice were fed a low-fat (LF) or high-fat (HF) diet and were mated after 4, 12, and 23 wk. A subset of the obese HF dams was switched to the LF diet during the second (DR2) or third (DR3) pregnancies. The HF offspring accrued more fat mass than the LF pups, regardless of duration of maternal HF diet consumption or prepregnancy maternal adiposity. Increased neonatal adiposity was not observed in the DR3 pups. Liver weights were reduced in the HF offspring but not in the DR2 or DR3 pups. Offspring hepatic triglyceride content was reduced in the HF pups, but hepatic inflammation and expression of lipid metabolism genes were largely unaffected by maternal diet. Maternal diet did not alter the hypothalamic expression of orexigenic and anorexigenic neuropeptides in the offspring. Thus, the intrauterine programming of increased neonatal adiposity and reduced liver size by maternal overnutrition is evident in mice at birth and occurs prior to the development of maternal obesity. These observations demonstrate that dietary intervention during pregnancy minimizes the deleterious effects of maternal obesity on offspring body composition, potentially reducing the offsprings' risk of developing obesity and related diseases later in life. metabolic programming; liver; hypothalamus; inflammation; obesity THE GLOBAL PREVALENCE OF OBESITY has reached epidemic proportions in recent years, not only threatening the health and well-being of affected individuals but also imposing a considerable burden on the economic and health care systems of developed and developing nations (33). In the US, the prevalence of obesity has more than doubled in adults and more than tripled in children and adolescents since the 1970s. According to estimates from the 2007-2008 National Health and Nutrition Examination Survey, 33.8% of adults and 16.9% of children aged 2-19 are obese, and 9.5% of infants and toddlers are at or above the 95th percentile of the weight-for-length growth charts (23, 24, 45, 46) . Obese individuals have an increased risk of developing type 2 diabetes mellitus, hypertension, dyslipidemia, and nonalcoholic fatty liver disease. Once restricted to adults, these metabolic diseases and conditions are now being diagnosed in children and adolescents at alarming rates, mirroring the rising rates of juvenile obesity (34, 39, 47, 52, 55) .
THE GLOBAL PREVALENCE OF OBESITY has reached epidemic proportions in recent years, not only threatening the health and well-being of affected individuals but also imposing a considerable burden on the economic and health care systems of developed and developing nations (33) . In the US, the prevalence of obesity has more than doubled in adults and more than tripled in children and adolescents since the 1970s. According to estimates from the 2007-2008 National Health and Nutrition Examination Survey, 33.8% of adults and 16.9% of children aged 2-19 are obese, and 9.5% of infants and toddlers are at or above the 95th percentile of the weight-for-length growth charts (23, 24, 45, 46) . Obese individuals have an increased risk of developing type 2 diabetes mellitus, hypertension, dyslipidemia, and nonalcoholic fatty liver disease. Once restricted to adults, these metabolic diseases and conditions are now being diagnosed in children and adolescents at alarming rates, mirroring the rising rates of juvenile obesity (34, 39, 47, 52, 55) .
The etiology of obesity is multifactorial, involving complex interactions between genes and the environment. In addition to the numerous lifestyle factors that contribute to the development of obesity (e.g., increased consumption of foods that are high in fat and calories, physical inactivity, etc.), a growing body of evidence suggests that many individuals are programmed to become obese while still in the womb. Exposure to an adverse intrauterine environment elicits profound and permanent adaptations in the offspring that increase their susceptibility to developing various diseases later in life (3) . Fetal metabolic programming was initially studied in the context of maternal undernutrition and/or reduced intrauterine growth, both of which increase the offsprings' risk of developing obesity, hypertension, cardiovascular disease, and diabetes in adulthood (4 -6, 32, 40, 48 -50) . In humans, the offspring of obese and/or diabetic mothers are also at greater risk of developing obesity and diabetes as children and adults (16, 18, 59, 65) . Given current estimates that nearly one-half of women of childbearing age are overweight or obese (64) , there is an emerging need to evaluate the impact of maternal overnutrition on offspring health and disease risk.
In rodents, exposure to an increased nutrient supply and/or maternal obesity during critical periods of development promotes obesity and impaired glucose homeostasis in the weanling or adult offspring (19, 30, 53, 62) . The programming effects of increased maternal fat consumption during pregnancy and lactation are typically exacerbated when the offspring are also fed an energy-rich diet postweaning, demonstrating that metabolic adaptations that are programmed during prenatal development can be modified by postnatal growth and nutrition (11, 20, 36, 56) . In contrast, other investigators have restricted their nutritional insult to the intrauterine environment by studying the offspring of high-fat (HF) diet-fed females during late fetal development or immediately after birth (25, 31, 37, 44, 56) . For example, our laboratory and others have demonstrated that early third-trimester, nonhuman primate fetuses exhibit systemic inflammation, hepatic steatosis, increased hepatic oxidative stress with concurrent apoptotic cell death, and altered hypothalamic development in response to maternal consumption of a HF diet (26, 27, 42) .
In the current study, we used a murine model of maternal overnutrition to study the impact of excess maternal dietary fat intake on the in utero programming of body composition, hepatic function, and hypothalamic neuropeptide expression in the offspring. Because we were interested in evaluating the neonatal consequences of metabolic programming, we examined the pups on the day of birth, thereby circumventing the influence of postnatal growth and nutrition. We followed the dams through three successive pregnancies to determine whether metabolic programming becomes more pronounced with increasing duration and severity of maternal obesity and/or impaired glucose homeostasis. Finally, in an attempt to differentiate between the relative contributions of maternal diet vs. maternal obesity, we investigated whether switching a subset of obese HF diet-fed dams to a low-fat (LF) diet during pregnancy would reverse any adverse programming events. We report that maternal HF diet consumption resulted in an altered body composition phenotype in the newborn offspring. This deleterious effect of excess maternal lipid intake occurred prior to the onset of maternal obesity and was largely normalized by switching obese dams to a LF diet during gestation.
MATERIALS AND METHODS

Animals
C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were housed in a temperature-controlled room on a 12:12-h light-dark cycle (lights on at 0700), with ad libitum access to food and water. Experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of Oregon Health and Science University.
Experimental Design
Five-week-old female mice were group housed and placed on either a LF (n ϭ 10) or HF (n ϭ 32) diet (Fig. 1) . The LF diet (12450D; Research Diets, New Brunswick, NJ) contains 70% carbohydrate, 20% protein, and 10% fat (3.85 kcal/g). The HF diet (D12492; Research Diets) contains 20% carbohydrate, 20% protein, and 60% fat (5.24 kcal/g). After 12 wk on their diets, 10 of the HF females were switched to the LF diet [2nd pregnancy diet reversed (DR2); n ϭ 10]. After 23 wk on their diets, an additional 11 HF females were switched to the LF diet [3rd pregnancy diet reversed (DR3); n ϭ 11].
To examine the influence of maternal diet on three successive pregnancies, females were paired with 7-wk-old male mice after 4, 12, and 23 wk on their respective diets. Immediately prior to each round of mating, the females were weighed, body composition was measured with an Echo MRI 4-in-1 system (Echo MRI, Houston, TX), and nonfasted blood glucose levels were measured. The females were inspected for the presence of copulatory plugs each morning. The morning that a plug was observed was designated as gestational day 0.5. Body weight and nonfasted blood glucose were measured on gestational day 17.5 (G17.5) of each pregnancy.
Pups were separated from the dams on the day of birth (P0). Pups were weighed, and their body composition was measured. After rapid decapitation, trunk blood was collected and pooled from each litter (3rd pregnancies only). The livers were removed and weighed. Livers from a subset of the pups (2-3 pups/litter) were flash-frozen for triglyceride analysis or terminal deoxynucleotidyl-mediated dUTP nick-end labeling (TUNEL) staining. Another subset of livers (1-2 pups/litter) was stabilized in RNAlater (Ambion, Austin, TX) for 24 h at 4°C prior to being stored at Ϫ80°C. Brains from a subset of the pups (1-2 pups/litter) were removed and cut to form hypothalamic blocks. Hypothalami were immersed in RNAlater at 4°C for 24 h and then stored at Ϫ80°C.
The dams were euthanized after 28 -31 wk on their diets. Mice were weighed, body composition was measured, and blood was obtained to measure nonfasted glucose and Hb A 1c. The mice were then anesthetized with a ketamine (30 mg/ml)-xylazine (2.9 mg/ml)-acepromazine (0.6 mg/ml) cocktail, and blood was obtained by cardiac puncture for measuring serum insulin and triglyceride concentrations. Livers were removed and then stabilized in RNAlater for 24 h at 4°C prior to being stored at Ϫ80°C.
Blood and Liver Chemistry
Nonfasted blood glucose was always measured at 1200 using a One Touch Ultra glucose meter (LifeScan, Milpitas, CA). Hb A1c was measured using an A1cNowϩ monitor (Bayer Healthcare, Tarrytown, NY). Serum insulin concentrations were measured in duplicate with a Sensitive Rat Insulin RIA kit (no. SRI-13K; Millipore, Billerica, MA) according to the manufacturer's instructions. The intra-assay coefficient of variation was 4.2%. Serum and hepatic triglyceride concentrations were measured using a Triglyceride (GPO) Reagent Set (Pointe Scientific, Canton, MI) according to the manufacturer's instructions. The interassay coefficient of variation was 7.3%. For hepatic triglyceride analysis, frozen tissue was thawed and then homogenized in a buffer containing 150 mM NaCl, 0.1% Triton X-100, and 10 mM Tris, pH 8.0.
RNA Extraction, Reverse Transcription, and Real-Time PCR
Total RNA was extracted from RNAlater-stabilized livers and hypothalami using RNeasy kits (Qiagen, Valencia, CA). Reverse transcription reactions were performed with Taqman reverse transcription reagents (Applied Biosystems, Carlsbad, CA). For each reaction, 500 ng of RNA was combined with 5 l 10ϫ RT buffer, 11 l of 25 mM MgCl 2, 10 l of dNTP mix (2.5 mM each), 2.5 l of 50 M random hexamers, 1 l of RNase inhibitor, 1.25 l of Multiscribe reverse transcriptase, and enough nuclease-free water to bring the final reaction volume to 50 l. Reverse transcription was performed with an Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) set to the following program: 25°C for 10 min, 37°C for 60 min, and 95°C for 5 min. cDNA samples were diluted with nuclease-free water to a final concentration of 1 ng/l.
Real-time PCR was performed with Taqman reagents and an ABI 7300 system (Applied Biosystems). Each reaction contained 5 l of Taqman Universal PCR master mix, 0.5 l of mouse-specific primer/ probe, and 5 ng of cDNA. The primer/probes are listed in Table 1 . Each sample was run in triplicate, with ␤-actin as an endogenous control. To rule out the possibility of pituitary contamination of hypothalamic samples, individual hypothalami were excluded from data analyses if the growth hormone C T was Ͻ35. Gene expression is expressed as fold change relative to the LF group using the 2 ⌬⌬CT method (41). Statistical analyses were performed on the ⌬CT values for each gene.
TUNEL Staining
Frozen livers from a subset of the third pregnancy LF (n ϭ 5 pups from 5 different litters) and HF pups (n ϭ 5 pups from 4 different litters) were embedded in OCT compound (Sakura Finetek USA, Torrance, CA). Fourteen-micrometer sections were cut on a cryostat and mounted onto Superfrost Plus slides (VWR International, West Chester, PA). TUNEL staining was performed with a TACS 2 TdTdiaminobenzidine (DAB) In Situ Apoptosis Detection Kit (R & D Systems, Minneapolis, MN) according to the manufacturer's instructions. Briefly, liver sections were rehydrated in a graded ethanol series, fixed in 3.7% formaldehyde, incubated with Cytonin for 30 min, labeled with TdT labeling reaction mix for 1 h at 37°C, incubated with streptavidin-horseradish peroxidase, and immersed in DAB until adequate staining was detected. Sections were then counterstained with 1% methyl green, dehydrated in a graded ethanol series, cleared in xylene, and coverslipped. Specific staining of apoptotic nuclei was confirmed by omitting TdT enzyme from the negative control slide. For each animal, a blinded observer counted the number of TUNELpositive nuclei in nine randomly-selected ϫ400 microscopic fields. Data are expressed as the total number of apopotic cells per animal.
Statistics
Data are expressed as means Ϯ SE for each group. Statistical analyses were performed using Prism Software (Version 5.0b; Prism Software, Irvine, CA). Data were analyzed initially by two-way ANOVA (sex ϫ diet) followed by Bonferroni corrected t-test if the overall ANOVA revealed a significant effect of sex, diet, or an interaction between sex and diet. Because there were very few statistically significant interactions between sex and diet by two-way ANOVA (which are mentioned in RESULTS), data from the male and female pups were then combined for further statistical analysis and data presentation. For the first pregnancy, differences between the two groups were assessed by t-test. For the second and third pregnancies, differences between groups were assessed by one-way ANOVA followed by Bonferroni corrected t-test if the overall ANOVA was significant. Nonparametric analyses (Mann-Whitney U-test or KruskalWallis one-way analysis of variance followed by Dunn's multiple comparison test) were used to analyze pup hepatic triglyceride concentrations. Pup mortality was analyzed with a Fisher's exact test (1st pregnancies) or chi-square tests (2nd and 3rd pregnancies). Chi-square tests were also used to determine whether offspring sex ratios differed from the expected 1:1 ratio. Differences were considered to be statistically significant when P Ͻ 0.05.
RESULTS
Maternal Body Composition and Glucose Homeostasis
Pregnancy no. 1. To ascertain whether long-term HF diet consumption induced obesity and/or disturbed glucose homeostasis in the dams, we measured maternal body composition and circulating glucose levels prior to and/or at the end of each pregnancy. The HF mice were significantly heavier than the LF mice after 4 wk on their respective diets ( Fig. 2A ), but fat and lean body mass did not differ between the two groups ( Fig.  2D ). All but one mouse became pregnant during the first round of mating ( Table 2 ). The HF mice gained significantly more weight during gestation ( Fig. 2G ) and thus continued to weigh more than the LF mice on G17.5 ( Fig. 2J ). Blood glucose did not differ between the LF and HF dams prior to pregnancy (after 4 wk on their diets) or on G17.5 ( Table 2) .
Pregnancy no. 2. After 12 wk on their respective diets (immediately prior to switching the DR2 group to LF chow), the HF and DR2 females weighed significantly more than the LF females (Fig. 2B ). At this time point, the HF and DR2 dams had also accumulated more fat mass and less lean body mass than their LF counterparts (Fig. 2E ). During the second round of mating, three dams failed to become pregnant ( Table 2 ). The DR2 dams gained significantly less weight during pregnancy than the other two groups (Fig. 2H ). The HF dams were heavier than both the LF and DR2 dams on G17.5 ( Fig. 2K ). G17.5 body weight did not differ between the LF and DR2 groups. Although circulating glucose was significantly higher in the HF and DR2 dams than in the LF females prior to the second pregnancies (after 12 wk on their diets), blood glucose on G17.5 no longer differed between the three maternal diet groups (Table 2) .
Pregnancy no. 3. After 23 wk on their diets (immediately prior to switching the DR3 females to LF chow), the HF and DR3 dams weighed 78 and 73% more, respectively, than the LF dams (Fig. 2C) . The HF and DR3 dams also had more than twice the amount of fat mass and significantly less lean body mass than the LF dams (Fig. 2F ). All but three dams were successfully impregnated in the third and final round of mating ( Table 2 ). The DR3 mice gained significantly less weight during gestation than the other two groups (Fig. 2I) . On G17.5, the HF dams were heavier than the dams in the other two groups; body weight on G17.5 did not differ between the LF and DR3 dams (Fig. 2L ). There were no differences in maternal blood glucose between the three diet groups prior to pregnancy (after 23 wk on their diets) or on G17.5 ( Table 2) .
End of Experiment
When the dams were euthanized after 28 -31 wk on their diets, the HF dams were heavier and had more fat mass and 
Actb, ␤-actin; Il1b, interleukin-1␤; Il6, interleukin-6; Tnf, tumor necrosis factor-␣; Il1r1, interleukin-1 type I receptor; Il10, interleukin-10; Ccl2, monocyte chemotactic protein-1; Crp, C-reactive protein; Fasn, fatty acid synthase; Srebf1, sterol regulatory element-binding protein-1; Ppara, peroxisome proliferator-activated receptor-␣; Pck1, phosphoenolpyruvate carboxykinase 1; Mttp, microsomal triglyceride transport protein; Pomc, proopiomelanocortin; Gh, growth hormone; Agrp, agouti-related protein; Npy, neuropeptide Y; Hcrt, orexin; Pmch, pro-melanin-concentrating hormone.
less lean body mass than the LF or DR3 dams (Table 3) . Glucose, Hb A 1c , and serum triglyceride levels did not differ between the three groups (Table 3 ). There was a trend toward higher serum insulin levels in the HF dams compared with the LF dams, but the overall ANOVA did not reach statistical significance (P ϭ 0.08; Table 3 ). Hepatic mRNA expression of the proinflammatory cytokines interleukin-1␤ (Il1b), interleukin-6 (Il6), and tumor necrosis factor-␣ (Tnf) was unaltered by maternal diet (Table 3) .
Offspring Litter Characteristics
The HF dams had larger first litters than the LF dams ( Table  2) . Average litter size did not differ between the groups for the second and third pregnancies. Offspring sex ratios did not depart from the expected 1:1 ratio in any of the groups except for the LF offspring from the third pregnancies (Table 2) . There were significant differences in pup mortality between the maternal diet groups in the second (P ϭ 0.0001) and third pregnancies (P Ͻ 0.0001), with considerably more dead (and often cannibalized) pups in the HF dam cages (Table 2 ). In the third pregnancies, pup mortality was also high in the DR3 group.
Offspring Body Composition
In the first and second pregnancies, body weights of the P0 offspring did not differ between the LF and HF groups (Fig. 3, A and B) . In the third pregnancies, the HF and DR3 pups weighed significantly less than the LF offspring (Fig. 3C) . Lean body mass in the HF pups was reduced compared with the LF pups in all three pregnancies, but the difference reached statistical significance only for the first pregnancies (Fig. 3,  G-I ). In the first pregnancy litters, lean body mass was reduced significantly in the HF males (LF males: 99.4 Ϯ 1.6% vs. HF males: 97.9 Ϯ 1.6%, P Ͻ 0.01) but not in the HF females (LF females: 99.0 Ϯ 2.0% vs. HF females: 98.6 Ϯ 1.9%, P Ͼ 0.05). In each of the three pregnancies, pups from the HF dams had significantly more fat mass than their LF counterparts (Figs. 3,  D-F) , as well as higher fat/lean ratios (Fig. 3, J-L) . In the first pregnancy litters, only the HF males exhibited increased fat mass (LF males: 2.1 Ϯ 0.9% vs. HF males: 3.1 Ϯ 1.1%, P Ͻ 0.005; LF females: 3.0 Ϯ 1.1% vs. HF females: 2.9 Ϯ 1.1%, P Ͼ 0.05) and fat/lean ratios (LF males: 0.022 Ϯ 0.009% vs. HF males: 0.031 Ϯ 0.011%, P Ͻ 0.01; LF females: 0.031 Ϯ 0.012% vs. HF females: 0.030 Ϯ 0.012%, P Ͼ 0.05). There were no significant interactions between diet and sex with respect to fat mass or fat/lean ratios in the second or third pregnancies. The DR2 offspring had more fat mass and a higher fat/lean ratio than the LF pups during the second pregnancies (Fig. 3, E and K) despite the fact that the DR2 dams gained approximately one-half as much body weight as the LF dams during gestation. However, fat mass and the fat/lean ratio in the DR3 offspring did not differ from those of the LF group during the third pregnancies (Fig. 3, F and L) .
Offspring Liver Size and Triglyceride Content
Given that we consistently observed that the neonatal HF pups accrued more fat mass than the LF offspring, we investigated whether the liver was a site of increased triglyceride storage in the HF pups. In all three pregnancies, the HF pups had significantly smaller livers than the LF pups (Fig. 4, A-C) . In the second and third pregnancies, maternal diet reversal normalized pup liver weights in the DR2 and DR3 pups such that they did not differ from the offspring of the LF dams. Hepatic triglyceride concentrations were significantly lower in the HF pups than in the LF pups in all three pregnancies (Fig. 4, D-F) . In the third pregnancies, hepatic triglyceride concentrations were also reduced significantly in the DR3 pups compared with the LF offspring (Fig. 4F) . Pup serum triglyceride concentrations were also significantly lower in the DR3 pups compared with the LF pups (LF: 79.6 Ϯ 11 mg/dl, HF: 51.3 Ϯ 6 mg/dl, DR3: 45.03 Ϯ 3 mg/dl; P Ͻ 0.05).
Offspring Expression of Metabolic and Inflammatory Genes
To determine whether excess maternal lipid intake altered hepatic glucose and/or lipid metabolism in the offspring, we measured the hepatic expression of metabolic genes involved in lipogenesis [sterol regulatory element-binding protein 1 (Srebf1) and fatty acid synthase (Fasn)], fatty acid oxidation [peroxisome proliferator-activated receptor-␣ (Ppara)], lipoprotein assembly [microsomal triglyceride transfer protein (Mttp)], and gluconeogenesis [phosphoenolpyruvate carboxykinase 1 (Pck1)] (Tables 4, 5, and 6). Hepatic Srebf1 was slightly but significantly elevated in the HF pups compared with their LF counterparts in the second pregnancies (Table 5 ). In the second pregnancies, Fasn expression was significantly higher in both the HF (1.8-fold) and DR2 (2.6-fold) pup livers compared with the LF pups ( Table 5) . We did not detect significant differ- ential expression of Ppara, Pck1, or Mttp between the LF and HF pups in any pregnancy (Tables 4, 5 , and 6).
Both obesity and pregnancy are states of low-grade systemic inflammation. Newborn humans born to obese mothers have elevated inflammatory cytokines in their cord blood (14) , and the early third-trimester fetuses of HF diet-fed macaques have increased circulating cytokines (42) . Because the liver is a major immune organ, we evaluated whether maternal HF diet consumption altered the expression of cytokines and acute phase reactants in the offspring livers. In the first litters of pups, hepatic mRNA expression of the proinflammatory cytokines Il1b and Il6 was reduced significantly in the offspring from the HF dams (Table 4 ). In the second pregnancies, hepatic mRNA expression of Il1b and the anti-inflammatory cytokine interleukin-10 (Il10) was elevated 2.6-and 3.3-fold, respectively, in the HF pups compared with the LF pups (Table 5) . We did not detect any significant differences in Tnf, interleukin-1 type I receptor (Il1r1), monocyte chemotactic protein-1 (Ccl2), or C-reactive protein (Crp) gene expression between the LF and HF pups in any of the three pregnancies (Tables 4, 5 , and 6).
We also assessed whether maternal HF diet consumption resulted in local inflammation in the hypothalami of the offspring. Hypothalamic expression of Il1b and Il6 mRNAs did not differ between the groups in any of the pregnancies (Tables 4, 5 , and 6).
Offspring Hepatic Apoptosis
We next determined whether increased hepatic apoptosis contributed to the reduced liver weights that were consistently observed in the HF pups. We did not detect any significant differences in the hepatic expression of proapoptotic (Fas and Bax) or antiapoptotic (Bcl2) genes in any pregnancy (Tables 4,  5 , and 6). Furthermore, in the third pregnancy pup livers, the number of TUNEL-positive cells did not differ between the offspring of LF and HF dams (LF: 66 Ϯ 15 cells vs. HF: 100 Ϯ 24 cells; P Ͼ 0.05).
Offspring Hypothalamic Neuropeptide Gene Expression
Finally, we assessed whether altered body composition in the HF pups was associated with differential expression of hypothalamic neuropeptides that regulate feeding and metabolism. We did not observe any differences in hypothalamic mRNA expression of proopiomelanocortin (Pomc; the precursor of the anorexigenic neuropeptide ␣-MSH) or the orexigenic neuropeptides agouti-related protein (Agrp), neuropeptide Y (Npy), or orexin (Hcrt) in the offspring from any of the three pregnancies (Fig. 5, A-C , and Tables 4, 5, and 6). When data from the male and female pups were combined, we were unable to detect any differences in hypothalamic mRNA expression of the orexigenic neuropeptide melanin-concentrating hormone (Pmch) in the offspring from any gestation (Tables 4,  5 , and 6). However, when the data were segregated by sex, Pmch was slightly but significantly elevated in the DR3 females compared with either the LF females or HF females from the third pregnancies (data not shown).
DISCUSSION
In humans, the offspring of mothers who were obese and/or diabetic during pregnancy are at increased risk of developing obesity, insulin resistance, and metabolic syndrome as infants (14, 15) , children (10, 65) , and adults (17) . In the current experiment, the HF dams were obese during their second and third pregnancies but never developed overt diabetes, as indicated by normal nonfasting blood glucose levels at all but one measured time point (12 wk) and normal Hb A 1c values at the end of the experiment. Serum insulin levels were ϳ70% higher in the HF dams than in the LF dams after 28 -31 wk on their Values are means Ϯ SE. Gene expression was normalized to ␤-actin. *P Ͻ 0.05, **P Ͻ 0.01 vs. LF pups; #P Ͻ 0.05, ##P Ͻ 0.01 vs. HF pups. Fig. 4 . Offspring liver weights and triglyceride content. Liver weights (A-C) and triglyceride content (D-F) of P0 pups from the 1st, 2nd, and 3rd pregnancies. For pregnancy no. 1: LF, n ϭ 16 (triglycerides) or n ϭ 45 (liver weights); and HF, n ϭ 64 (triglycerides) or n ϭ 164 (liver weights). For pregnancy no. 2: LF, n ϭ 19 (triglycerides) or n ϭ 56 (liver weights); HF, n ϭ 16 (triglycerides) or n ϭ 85 (liver weights); and DR2, n ϭ 30 (triglycerides) or n ϭ 43 (liver weights). For pregnancy no. 3: LF, n ϭ 19 (triglycerides) or n ϭ 50 (liver weights); HF, n ϭ 9 (triglycerides) or n ϭ 50 (liver weights); and DR3, n ϭ 13 (triglycerides) or n ϭ 36 (liver weights). *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 vs. LF dams; ##P Ͻ 0.01 and ###P Ͻ 0.001 vs. HF dams.
diets, suggesting that the HF dams developed some degree of insulin resistance over the course of the experiment. This is consistent with a previous report demonstrating that female C57BL/6 mice became progressively hyperinsulinemic but developed only mild hyperglycemia during long-term (1 yr) HF diet consumption (67) . Hepatic proinflammatory cytokine expression was not elevated in the HF dams at the end of the experiment. Given the sexually dimorphic inflammatory response to HF diet consumption in male vs. female rodents [i.e., HF diet-induced inflammation is more pronounced in males (29) ], it is not surprising that we did not detect any evidence of maternal hepatic inflammation in our experiment. However, because we were only able to assess maternal inflammation at the end of the experiment, it is unknown whether the HF dams exhibited an exaggerated inflammatory response during pregnancy.
In all three pregnancies, the newborn HF pups accumulated more fat mass (and less lean body mass in the 1st pregnancy) than their LF counterparts. Because the HF dams were not yet obese during their first pregnancies, this implicates a role for excess maternal dietary lipid intake (rather than maternal obesity) in the programming of increased neonatal adiposity. This is consistent with previous findings in rodent models, in which the weanling and adult offspring of HF diet-fed mothers exhibit increased adiposity, adipocyte hypertrophy, and increased hepatic and white adipose tissue expression of lipogenic and adipogenic genes (8, 11, 12, 30, 36, 53, 66) . Previous studies have revealed sex differences in the developmental programming of obesity, insulin resistance, and hypertension, with males often being more sensitive to early-life programming events than females (22, 38, 60, 68) . In the present experiment, body composition was altered only in the male HF offspring from the first pregnancies; in subsequent pregnancies, this sexually dimorphic response was no longer observed. Because the HF dams became more obese over the course of the experiment, the exaggerated metabolic insult to the developing offspring was sufficient to elicit changes in body composition in both the male and female HF offspring.
To our knowledge, this is the first report in rodents demonstrating that long-term maternal HF diet consumption results in the deposition of excess fat mass in offspring in utero. Catalano et al. (14) reported that children of obese mothers have a greater percent body fat at birth and that neonatal adiposity is strongly correlated with neonatal insulin resistance. Despite the increased accrual of fat mass in the HF pups, they still had considerably less body fat than human infants at birth [ϳ3.5% in the P0 mouse pups vs. 13% in humans (54)]. It is unknown whether increased neonatal fat mass is a consequence of increased maternal transfer of fatty acids across the placenta, increased de novo lipogenesis, or both. Switching obese dams to a LF diet just during gestation prevented the DR3 pups from accumulating excess fat mass during the third pregnancies. Because the DR3 dams gained less weight than the LF dams during gestation, we cannot ascertain whether reduced maternal weight gain during pregnancy or removal of the HF diet per se was directly responsible for normalizing fat mass in the DR3 pups. Surprisingly, maternal diet reversal did not normalize adiposity in the DR2 offspring. This observation is counterintuitive, since one would predict that diet reversal would be more effective during the earlier pregnancy, when the maternal prepregnancy metabolic phenotype was less severe. The normalization of offspring adiposity only in the DR3 pups might be attributable to the fact that the DR3 dams gained less than one-half as much body weight during gestation as the DR2 dams.
The liver was not a source of increased lipid storage in the neonatal HF offspring. Unexpectedly, the HF pup livers were smaller and had lower triglyceride contents than the LF pup livers. Interestingly, hepatic triglyceride content increased with parity in the LF offspring but remained relatively constant across the three pregnancies in the HF pups. Although liver size was normalized in the pups from the diet-reversed dams, hepatic triglyceride content was still reduced in the DR3 offspring. Thus, decreased hepatic lipid storage in the HF and diet-reversed offspring occurred independently of maternal fat consumption during pregnancy or gestational weight gain. The observation that hepatic mRNA expression of a lipogenic enzyme (Fasn) and transcription factor (Srebf1) was elevated and the expression of a transcription factor that promotes ␤-oxidation (Ppara) was unaffected by maternal HF diet consumption suggests that the reduced liver triglyceride content in the HF pups did not result from decreased hepatic lipogenesis or increased fatty acid oxidation.
The lack of hepatic triglyceride accumulation in the HF pups is in direct contrast to observations made in adult rodents and fetal nonhuman primates, in which maternal HF diet consumption leads to pronounced steatosis, oxidative stress, and altered expression of enzymes and transcription factors that are involved in glucose and lipid metabolism in the livers of the offspring (2, 7, 11, 28, 42, 69) . In the study by McCurdy et al. (42) , the nonhuman primate fetuses were studied at a developmental stage prior to the development of white adipose tissue (57, 61) . Whereas newborn mice have the capacity to store triglycerides in their adipose tissue, early third-trimester nonhuman primate fetuses must divert excess triglycerides to the liver and other organs, which could explain why hepatic steatosis was observed in fetal macaques but not in newborn mouse pups. Alternatively, it is conceivable that there were differences in hepatic triglyceride accumulation in the mouse pups in utero. Birth marks the first time that a mammal must contend with thermogenesis and a discontinuous nutrient supply. Whereas mammals metabolize glucose primarily in utero, lipid metabolism predominates after birth (9, 35) . Because of this rapid shift in lipid utilization immediately after birth, triglyceride concentrations in the livers of the newborn offspring might not be reflective of hepatic lipid storage at earlier developmental stages.
We observed minimal evidence of hepatic inflammation and no changes in the hypothalamic expression of proinflammatory cytokine mRNAs in the HF pups. Hepatic inflammation was not detected in the fetal offspring of HF diet-fed macaques (26) , but hypothalamic Il1b and Il1r1 mRNAs were elevated, most likely in response to increased peripheral inflammation in these animals (27, 42) . Also, we did not observe any evidence of increased hepatic apoptosis in the HF pups because we were unable to detect differences in the expression of proapoptotic (Fas and Bax) or antiapoptotic (Bcl2) genes, nor did we detect a significant increase in TUNEL staining. Increased apoptosis was apparent in the livers of macaque fetuses in response to maternal HF diet consumption (26) . The relative lack of hepatic apoptosis, lipid accumulation, or inflammation in the HF mouse pups is consistent with the positive correlation between severity of nonalcoholic steatohepatitis and hepatocyte apoptosis in humans (21) . Collectively, our findings demonstrate that, in the setting of maternal obesity/HF diet consumption, changes in offspring body composition precede the onset of additional features of metabolic syndrome and nonalcoholic fatty liver disease.
We did not observe an effect of maternal diet or obesity on the expression of hypothalamic neuropeptides that regulate feeding and metabolism. Maternal HF diet consumption alters development of the hypothalamic melanocortin system in early third-trimester nonhuman primate fetuses, as evidenced by increased expression of Pomc and melanocortin-4 receptor mRNAs as well as reduced Agrp mRNA and peptide content (27) . Although insufficient blood volume prevented us from measuring hormone levels in the P0 mouse pups, we predict that circulating leptin was elevated in the HF pups as a consequence of their increased fat mass. This is true for human infants of obese mothers, who have increased body fat and cord blood leptin compared with the infants of lean mothers (14) . Although leptin increases hypothalamic Pomc mRNA and reduces Agrp mRNA in adult rodents (43, 63) , the expression of these genes is not altered in neonatal mice that are chronically treated with leptin (1), a finding that is consistent with the results of the current experiment. In other studies in mice and rats, maternal HF diet consumption has been linked to decreased (44) , increased (25, 31) , or unchanged (25) hypothalamic Pomc and Agrp gene expression in late embryonic (E19.5-E21) or neonatal (P1) offspring. Differences in the timing, duration, and fatty acid composition of the HF diets in the different studies might explain these disparate outcomes. Although we did not detect any differences in hypothalamic gene expression, we cannot exclude the possibility that maternal overnutrition caused epigenetic modifications in hypothalamic appetite-regulating genes, as has been reported previously for hypothalamic Pomc in the fetal offspring of undernourished ewes (58) .
Collectively, our assessment of the pup livers and hypothalami demonstrates that newborn offspring of HF diet-fed dams are largely resistant to hepatic steatosis, apoptosis, inflammation, and altered hypothalamic development. Despite the fact that newborn mice are developmentally similar to early thirdtrimester fetal macaques, the two experimental models are not equivalent with respect to metabolic programming by maternal overnutrition. Therefore, caution must be exercised when using murine models as surrogates for studying the impact of maternal nutrition on hepatic function or hypothalamic development in primates.
Long-term maternal consumption of a HF diet resulted in a marked increase in offspring mortality in the second and third pregnancies, as has been documented previously in HF diet-fed rats (13, 30, 51) . Maternal diet reversal reduced pup mortality in the second pregnancies but not in the third pregnancies. Increased offspring mortality in the DR3 group might have been attributable to the more severe metabolic phenotype of the DR3 dams as they entered their third pregnancies (compared with when they entered their 2nd pregnancies 11 wk prior). The fact that increased pup mortality occurred in the HF and DR3 groups indicates that the maternal and/or fetal defects that caused perinatal death arose independently of maternal diet consumption during gestation. It is unknown whether the pups died before or after birth. By studying the pups on P0, we effectively restricted our analyses to the most viable (and presumably healthiest) offspring. If we had instead evaluated the offspring during late fetal development, we might have unknowingly included less healthy (i.e., perimortem) animals in our analyses, which might have resulted in a more severe offspring phenotype.
In summary, the in utero programming of increased offspring adiposity and reduced liver size by maternal overnutrition is already evident in mice at the time of birth. These malprogramming events occur prior to the development of obesity in dams consuming a HF diet and are prevented by switching obese dams to a LF diet during gestation alone. These observations reveal that dietary intervention during pregnancy minimizes the detrimental impact of maternal obesity on offspring body composition, which would in turn be expected to reduce the offsprings' risk of developing obesity and related disorders later in life.
